A review of some exciting new directions for Xiphophorus research in behavioral ecology and integrative animal behavior is presented. The primary objective of this review is to identify areas of research in this teleost genus that, if studied further, could yield insights into the manifold causes and consequences of dominance encounters that will have broad relevance in the behavioral biology community. First described is the phenomenon of social eavesdropping-the ability of animals to extract information from signaling interactions between others-as it applies to Xiphophorus systems, and how exploring the context-dependency of individual responses to watching fights will be of benefit. A brief discussion follows of the overwhelming tendency for research on Xiphophorus to focus on individual responses to visual cues available in their social environment, and to promote advancements towards a multimodal approach to understanding social dynamics. Lastly, historical studies on neuroendocrinology in this genus are reviewed, and recent advances in the molecular realm are highlighted that might serve as a springboard for integrative research addressing the behavioral impacts of direct (overt fighting) and indirect (eavesdropping) experiences in Xiphophorus.
INTRODUCTION

F
or well over half a century, members of the genus Xiphophorus have captured the attention of behavioral ecologists. Much of the fame bestowed upon Xiphophorus has resulted from decades of rigorous studies in the area of intersexual selection, which have run the gamut from cues involved in mate recognition and the evolutionary history of female preferences to molecular genetic work underscoring the origins of elaborate traits such as the sword. [1] [2] [3] [4] Another area of Xiphophorus research has focused on intrasexual competition in attempts to understand intersections among the many factors that contribute to success in dominance encounters and the consequences thereof. A number of benchmarks have been established by explorations of male-male contests in Xiphophorus, including discoveries of maturational delays in subordinate individuals, 5 putative functions of facultative signals, 6, 7 and sophisticated means through which fish assess the fighting ability of competitors. 8 Indeed, research in these areas over the past 30 years has demonstrated the power of the social environment in mediating numerous life history and behavioral parameters and has led to conceptual advances in many corners of behavioral ecology.
Despite the wealth of studies on aggression and dominance in Xiphophorus, the vast majority of research, some exceptions noted above, has centered on three related concepts: effects of prior fighting experience, social isolation, and asymmetries in residency or body size on contest dynamics and outcome. An exhaustive review of each parameter that influences or re-sponds to contest outcome is outside the scope of this paper. Table 1 and Figure 1 , however, provide a detailed survey of the literature with the express goal of highlighting areas that historically have gained significant attention. Importantly, the table reveals some exciting new paths that Xiphophorus research has traveled, and I will focus on three questions of this type.
First, in what directions can we expand research on assessment of fighting ability to encompass the broader social and ecological milieus? Second, to what extent might information transfer during aggressive contests be multimodal in nature, and what do we stand to gain from examining multiple modes of sensory processing? And third, is it time to resurrect interest in the neuroendocrine bases for aggression and dominance in Xiphophorus?
BROADER SOCIAL PERSPECTIVES ON ASSESSMENT OF FIGHTING ABILITY
Background
Our understanding of the behavioral mechanisms by which individuals assess the fighting ability of potential competitors is based on a long history of theoretical models. [9] [10] [11] A common assumption among these models is that animals can gauge the fighting ability of others only through direct interaction. Recent work on Xiphophorus helleri, however, indicates that fish are capable of extracting information about the fighting ability of future opponents via observation. 8 Male X. helleri bystanders typically avoid interactions with winners of an observed contest irrespective of its intensity. Bystander responses to losers, however, depend critically on the gradient of observed contest intensity, with avoidance responses being more prevalent towards losers that escalated in the observed conflict. 8 The behavioral changes exhibited by bystanders could not be attributed to general changes in motivational state (e.g., if watching fights primes individuals for combat or escape), 12 indicating that observation enables male X. helleri to estimate the competitive prowess of other individuals in the social environment by combining information about opponent identity, status, and persistence in a contest. This phenomenon, dubbed social eavesdropping, has been unveiled in other fish species (e.g., Betta splendens 13 ), and in contexts other than aggression (divorce in Archocentrus nigrofasciatus 14 ) , suggesting that eavesdropping might be an important component of the assessment repertoire of swordtails and other fish. A requisite of social eavesdropping is the ability of bystanders to distinguish particular individuals, and the capacity for individual recognition has indeed been demonstrated in X. helleri, X. nigrensis, and X. multilineatus (Table 1) .
Few studies on dominance, individual recognition, or eavesdropping in Xiphophorus have been conducted in the field, 15 in part because of the inherent limitations that natural conditions pose for parsing out numerous subtle behavioral effects. This raises the question, however, as to whether these phenomena are artifacts of the laboratory or truly reflective of the social behavior of individuals under natural conditions. Several recent field observations provide telling evidence that Xiphophorus social systems are ripe with opportunities for direct (dominance interactions) and indirect (eavesdropping) assessment of fighting ability. Female X. birchmanni x X. malinche exhibit independent shoaling preferences for larger groups and like-sized individuals, underscoring their social nature 16 (but see contrast when shoal and individual size are pitted against one another). In X. helleri and X. nigrensis, males patrol overlapping home ranges and dominants actively exclude subordinates from access to females, while females typically migrate between home ranges to forage. 15, 17 Aggressive interactions between males are common, and in some cases, dominance hierarchies among males of overlapping home ranges are established. 18 Males also are site faithful, occupying similar spatial domains for at least a couple of days at a time. 19 The fact that dominance interactions occur at a relatively high frequency in a social environment containing an ample constitution of bystanders sets the stage for social eavesdropping. Furthermore, site fidelity and overlapping home ranges favor repeated interactions between males, and this type of social system might place a premium on individual recognition as a means of stabilizing hierarchy structure, even if for only days at a time. 20 
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Future directions I: transitive inference
Given the characteristics of Xiphophorus social systems described in the previous section, a fascinating question that emerges is whether individuals are capable of combining information from prior dominance interactions and eavesdropping to better evaluate their place in the social hierarchy. For instance, imagine a simple situation in which three unfamiliar males (A, B, and C) find themselves in the shallows of the Rio Atoyac, a river in the geographic range of X. helleri among other species. In attempts to establish and defend home ranges, individual A initially loses to B and then witnesses C defeat B. Individual A then opts out of an interaction with C because he is perceived by A (via eavesdropping) as an opponent of superior quality. There are three factors at work here-previous fighting experience (A vs. B), social eavesdropping (A watches B vs. C), and individual recognition (A distinguishes B from C). In the end, individual A combines all of this information to infer transitive dominance relationships: B Ͼ A and C Ͼ B, so A must be Ͻ C. Transitive inference thus enables the hierarchy to stabilize with the minimum number of direct confrontations. Can Xiphophorus species infer transitive social relations? At this point we do not know, but it is clear that they possess all of the behavioral ingredients. If it turns out that they can, Xiphophorus would join the company of some of the more adept social animals (e.g., pinyon jays 21 ). This marks an intriguing direction for future research on the social behavior of Xiphophorus and would further an already expansive literature on the factors that govern dominance in this genus.
Future directions II: context-dependent eavesdropping responses
All studies on social eavesdropping in Xiphophorus to date have used males that differ only slightly in size, and have been conducted in a relatively sterile aquarium environment. This type of experimental design allows the investigator to target the effects of social eavesdropping without having to wade through masses of behavioral noise. Under natural circumstances, however, noisy environments prevail, with individuals of different size, dominance history, or sex comprising a social group, and with tremendous variation in habitat characteristics. Is it possible that eavesdropping responses change as a function of bystander type (e.g., dominant vs. subordinate; small vs. large) and environmental condition (e.g. turbidity; habitat heterogeneity)? Eavesdropping responses are likely to vary among individuals depending on their current state, and individuals should have some flexibility with respect to whether, when, and how eavesdropping is utilized as an assessment strategy. A few examples should illustrate these possibilities.
First, small/subordinate individuals might stand to gain more from eavesdropping (e.g., avoid highly competitive animals; facilitate increased rank by identifying and ousting weak animals). Thus, different size/status classes might be expected to utilize different strategies, or exhibit divergent responses to eavesdropping, as has been described for other aspects of aggressive contests (fight initiation 22 ). Second, turbid waters might introduce significant errors in visual assessment of fighting ability even at close range, rendering information gained through observation suspect at best. Third, available refuge and predator presence might alter the benefit-cost ratio associated with eavesdropping and thus alter the strategies or responses of putative bystanders (see Johnson and Basolo 23 for these types of effects in the context of mate choice). Indeed, escalated fighting in cichlid fish (Nannacara anomala) increases predation risk presumably because fighters are less vigilant, 24, 25 and opponents engage in less conspicuous agonistic displays in the presence of a predator. 26 It is reasonable to assume that eavesdropping also might reduce vigilance or increase predation risk by association with the fighters. Less complex habitats with fewer refuges may enhance this risk and offer limited opportunity for the bystander to escape predation. Although admittedly speculative, it therefore seems possible that bystanders might incur non-negligible predation costs and might be expected to alter their strategies in accordance with predation risk. This area of research in Xiphophorus currently is wide open, and the likelihood that eavesdrop- 
MULTIMODAL SIGNALS/CUES ASSOCIATED WITH DOMINANCE INTERACTIONS
The vast majority of research on communication in Xiphophorus-aggressive or otherwise-has targeted visual cues/signals that are available to a receiver. For example, the intensity of vertical bars located on the flank of many Xiphophorus species can be modulated in a facultative manner, and can have either deterrent or excitatory effects on the aggressive response of an opponent depending on the species in which the bars are manifest. 6, 7 In addition, barred and barless males within a species (X. cortezi) differ both in their aggression levels and dominance ability. 27 Recent evidence also indicates that some northern swordtails (X. nigrensis; X. malinche) exploit ultraviolet ranges of the spectrum for communication in a private domain (i.e., exploiting wavelengths that predators are unable to decipher. 28 ) These examples, and many others in the realm of intersexual selection, 29 demonstrate that members of the genus Xiphophorus rely heavily on visual input. Given the spectacular morphological ornamentations (sword) and signals (vertical bars) possessed by many Xiphophorus species, it is not surprising that a majority of research on 
NEUROENDOCRINE SYSTEMS: REGULATORS AND RESPONDERS TO SOCIAL INTERACTIONS
Mechanistic investigations using Xiphophorus have targeted two areas related to life history transitions during development and behavior. Genetic determinants of sexual maturity and size have been identified in this genus, centering primarily on a pituitary locus (P-allele) involved in regulating differentiation of the gonadotropic zone in the adenohypophysis. [36] [37] [38] Preceding the identification and further characterization the P-allele and its downstream effects, many researchers implicated components of the hypothalamic-pituitary-gonadal (HPG) axis, including gonadotropins and androgens, in the regulation of sexual differentiation and maturity (e.g., gonopodium and secondary sex character development). [39] [40] [41] [42] More recent neuroendocrine work has continued to focus on the HPG axis, primarily in X. maculatus and X. helleri, and has been successful in localizing various forms of gonadotropin-releasing hormone and gonadotropins in the brain and pituitary, 43, 44 and in ascertaining further the roles of steroid hormones and their metabolism in sexual differentiation and reproduction. 45, 46 These studies all have contributed neuroendocrine groundwork for exploring how the HPG axis both mediates dominance ability and responds to status acquisition. Indeed, crosstalk between the HPG axis and social behavior has gained significant attention in other fish. For instance, a bourgeoning literature on cichlid fish has demonstrated a critical role for the HPG axis in mediating social inhibition of reproduction and responding to social dynamics. 47 If extended to Xiphophorus, the HPG axis and its many components might act as a neuroendocrine intermediary between dominance status and maturational delay or status-dependent behavioral modifications. 48, 49 The 1980s saw X. helleri emerge as a model candidate for investigating endocrine responses to social isolation, winning, or losing aggressive contests. In particular, this species was used to assess whether dominant and subordinate animals exhibited differential cortisol and androgen release following a fight (Table  1 ; Refs. 50 and 51). Due to a sharp decline of such studies in Xiphophorus towards the turn of the century, however, most of the existing literature and the techniques described therein (e.g., whole body hormone analysis and nuclear diameter of interrenal cells as a proxy for adrenocortical activity), although still informative, are necessarily dated. Netherton, Grober, and Earley 52 resumed behavioral neuroendocrinological investigations in Xiphophorus with their study on the time course of cortisol release following agonistic bouts in X. helleri. With the advent of noninvasive techniques for hormone collection in fish (water-borne steroids 53 ), which has been modified for applications in small fish, Xiphophorus systems hold much promise for understanding the independent influences or interactions among hormone systems that might be activated during agonistic interactions and subsequently feed back on the brain and peripheral systems to influence behavior.
Although there has been comparatively little neurobiology conducted in Xiphophorus, several recent studies have focused on the characterization and localization of novel 
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Ȩ neurotrophins or enzymes (e.g., NADPH-diaphorase/nitric oxide synthase). [54] [55] [56] [57] [58] [59] Neurotrophins and nitric oxide synthase play an important role in neurogenesis, axon guidance, learning, and memory 60, 61 in many vertebrates, but the precise function of these molecules in fish has not yet been identified. If these molecules mediate learning and memory processes in Xiphophorus, then a potential link between molecular neurobiology and experience-dependent behavioral change (e.g., responses to eavesdropping, winning, or losing) would be established. I anticipate that research elaborating on existing neuroanatomical and genetic work in Xiphophorus to pursue questions in the realm of integrative animal behavior will be met with lucrative returns. Hopefully, this will include identification of brain regions or nuclei involved in social behavior (e.g., nucleus preopticus 62 ), which certainly will be facilitated through consultation of the detailed Xiphophorus brain atlas developed by Anken and Rahmann. 63 In addition, integrative pursuits will help to resurrect interest in other neuroendocrine factors that could mediate social behavior in this genus (e.g., arginine vasotocin 64 and steroid receptors 65 ) using the advanced techniques of today's neuroendocrine climate.
CONCLUSION
This review started by describing intriguing behavioral phenomena in Xiphophorus and has concluded with insights into the molecular mechanisms that might guide these phenomena. Important investigations are being conducted on both ends of the spectrum, and there is some indication that collaborative research endeavors are being established between ecologists, behaviorists, geneticists, and neuroendocrinologists who study Xiphophorus. With species of this genus emerging as model organisms to address an arsenal of valuable questions at the fundamental and applied levels, I expect that interdisciplinary pursuits among Xiphophorus researchers will lay the groundwork for numerous exciting discoveries into how and why these remarkable fish behave the way that they do.
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